Insulin is a major regulator of glucose homeostasis. In pancreatic β cells, insulin biosynthesis starts from its precursor, preproinsulin, in the cytosol. Newly synthesized preproinsulin is translocated into the endoplasmic reticulum (ER), where it is cleaved by signal peptidase at the luminal side of the ER membrane to generate proinsulin ([@B1], [@B2]). Proinsulin then undergoes rapid oxidative folding in the ER, forming 3 highly conserved disulfide bonds (B7-A7, B19-A20, and A6-A11). Well-folded proinsulin exits from the ER, trafficking through the Golgi to the late secretory pathway where it is processed by prohormone convertases (PC1/3 and PC2) and carboxypeptidase E into mature insulin ([@B3], [@B4]). It has been long believed that these processes are highly efficient and occur naturally in pancreatic β cells. However, accumulating evidence indicates that the proinsulin folding process in the ER is not as efficient as previously thought and that it is sensitive to the changes of the ER folding environment ([@B5], [@B6]). Under normal physiologic conditions, about 10--20% of newly synthesized proinsulin fails to achieve its native folding state ([@B7][@B8][@B9]--[@B10]), and the amount of misfolded proinsulin can be further increased under some stress conditions ([@B10], [@B11]). Over the past decade, more than 50 new insulin gene mutations have been reported to cause proinsulin misfolding and mutant *INS*-gene--induced diabetes of youth (MIDY) ([@B8], [@B9], [@B12]), highlighting important pathogenesis of proinsulin misfolding in the development and progression of diabetes. However, the underlying mechanisms of β-cell failure caused by misfolded mutant proinsulin are still incompletely understood. Recent studies show that misfolded proinsulin causes inefficient β-cell growth, suggesting that survival signaling is impaired in β cells expressing misfolded proinsulin ([@B13], [@B14]).

Insulin receptor (IR)-mediated insulin signaling plays an important role in β-cell survival and function ([@B15][@B16]--[@B17]). IR is a tetrameric membrane protein that is composed of 2 extracellular α subunits and 2 transmembrane β subunits linked by disulfide bonds ([@B18], [@B19]). The precursor of IR (ProIR) is synthesized in the ER, where it undergoes multiple post-translational modification, including oxidative folding, glycosylation, and dimerization in the ER. Once it has achieved its native folding state, ProIR is exported to the Golgi apparatus, where it is proteolytically processed into mature IR prior to insertion into the plasma membrane ([@B20], [@B21]). Impaired ProIR processing caused by IR gene mutations can lead to severe insulin resistance in the patients with Donohue syndrome ([@B22], [@B23]). However, its role in MIDY and type 2 diabetes (T2D) is unknown. Herein we report that, in Akita mice expressing a mutant proinsulin C(A7)Y that is identical to one of the MIDY mutants ([@B24], [@B25]), misfolded proinsulin could abnormally interact with ProIR in the ER, impairing its intracellular processing and decreasing insulin signaling in β cells. More importantly, we found that, in the β cells of db/db mice with severe insulin resistance that was due to a defect in leptin receptor ([@B26], [@B27]), there was a significantly increased proinsulin misfolding. These misfolded proinsulin molecules caused ProIR processing impairment that contributed to defective insulin signaling of the β cells in db/db mice. These results indicate that proinsulin misfolding is not only a molecular basis of MIDY but also an important contributor of β-cell failure in T2D. This study reveals that defective insulin signaling that is due to ProIR maturation impairment caused by misfolded proinsulin is a novel mechanism of β-cell failure in both MIDY and T2D.

MATERIALS AND METHODS {#s1}
=====================

Reagents and antibodies {#s2}
-----------------------

Thapsigargin, DTT, cycloheximide, complete proteinase inhibitor, histopaque 1077 and collagenase were purchased from MilliporeSigma (Burlington, MA, USA). Lipofectamine 2000 and 4--12% Bis-Tris Gradient Gel were from Thermo Fisher Scientific (Waltham, MA, USA). MG132 was purchased from MilliporeSigma. Recombinant human insulin and PMSF were from Solarbio Life Sciences (Beijing, China). Phosphatase inhibitor was from Beyotime Biotechnology (Beijing, China). Protein A-agarose, antibodies of IR β subunit (IR~β~) and phosphorylated (p)-protein kinase B (AKT) (Thr308) were from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against p--eukaryotic initiation factor 2α (eIF2α), eIF2α, p-IR~β~ (Tyr1150/1151), p-AKT (Ser473) and AKT were from Cell Signaling Technology (Danvers, MA, USA). Rabbit polyclonal anti--protein disulfide isomerase (PDI) was from Thermo Fisher Scientific. Rabbit polyclonal anti-TGN38 was a gift from Dr. Yanzhuang Wang (University of Michigan, Ann Arbor, MI, USA). Mouse anti--glyceraldehyde 3-phosphate dehydrogenase and β-tubulin were purchased from Sungene Biotech (Tianjin, China). \[^125^I\] labeled proinsulin and guinea pig anti-insulin was from MilliporeSigma. Proinsulin antibody was from Novus Biologicals (Centennial, CO, USA). A mouse monoclonal antibody (C-A junction) that recognizes a human proinsulin C-peptide--A-chain junction was raised by Abmart (Shanghai, China). Goat anti-mouse IgG Alexa Fluor 555 and goat anti-rabbit IgG Alexa Fluor 488 were from Thermo Fisher Scientific. Goat anti-mouse IgG horseradish peroxidase (HRP), goat anti-rabbit IgG HRP, and goat anti-guinea pig IgG HRP were purchased from Jackson ImmunoReserach (West Grove, PA, USA). DAPI was from SouthernBiotech (Birmingham, AL, USA).

Plasmids {#s3}
--------

cDNAs encoding myc-tagged human preproinsulin, mutation C(A7)Y (Akita proinsulin) and Delcys proinsulin, in which all 6 cystine residues were mutated to serine and were constructed and amplified as previously described ([@B9]). The plasmid encoding human IR isoform B was purchased from Addgene (plasmid 24049; Watertown, MA, USA). Plasmids encoding human IR isoform A and Y(818)C mutant IR isomer B were constructed by Tsingke Biologic Technology (Beijing, China).

Animals, oral glucose tolerance test, and islet isolation {#s4}
---------------------------------------------------------

C57BL/KsJ-LepR db mice (male) and Akita mice (male) were housed at the Animal Care Facility of Tianjin General Hospital in a temperature-controlled room on a 12-h light/dark cycle with free access to chow and water. All experimental protocols were approved by the Animal Care and Use Committee of Tianjin Medical University for Animal Experimentation, and all experiments were conducted according to the Chinese Council on Animal Care guidelines. Fasting blood glucose, insulin, and body weight of db/db mice were measured at 12 wk. For the oral glucose tolerance test, after being unfed overnight (16 h), all mice were orally administered 20% glucose (2 g/kg body weight) for glucose tolerance. Blood was collected from tail at 0 (basal level), 30, 60, 120 min after glucose intake, and then blood glucose was determined by using a glucose analyzer, Accu-Chek Performa meter (Roche, Basel, Switzerland). For islet isolation, the mice were euthanized after 6 h without food. Pancreatic islets were isolated by collagenase digestion, followed by density gradient centrifugation with Histopaque-1077 (MilliporeSigma). Isolated islets were handpicked under a dissecting microscope and collected for following culture and analysis as previously described ([@B10]).

Cell culture, transfection, and Western blotting {#s5}
------------------------------------------------

Human embryonic kidney (HEK)293 cells were cultured in DMEM supplemented with 10% fetal bovine serum. INS-1 cells were cultured in Roswell Park Memorial Institute 1640 medium with 10% fetal bovine serum, 0.1% (v/v) penicillin/streptomycin (Solarbio Life Sciences), and 5 μl/L 2-ME (MilliporeSigma). All cell lines were incubated at 37°C in a humidified 95% air and 5% CO~2~ atmosphere. For transient transfection, HEK293 cells were seeded in 12-well or 6-well plates for 24 h, and then were transfected with 0.15--2.5 μg plasmid DNA as indicated. After 48 h transfection, cells were lysed on ice for immunoblotting or immunoprecipitation. For Western blotting, cell lysates or mouse tissues were homogenized in ice-cold RIPA (25 mM Tris-HCl, 10 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.2% sodium deoxycholate) supplemented with proteinase inhibitor and phosphatase inhibitor, then centrifuged at 13,000 *g* at 4°C for 10 min. Collected supernatants were boiled for 10 min. Proteins were resolved on 4--12% NuPage gradient gels (Thermo Fisher Scientific) and transferred to nitrocellulose membranes. After blocked in 5% milk at room temperature for 1 h, membranes were incubated with primary antibodies at 4°C overnight followed by appropriate secondary antibodies conjugated with HRP.

Coimmunoprecipitation and immunofluorescence {#s6}
--------------------------------------------

Cell lysates or pancreatic islets in coimmunoprecipitation (co-IP) buffer (5 mM EDTA, 0.1 M NaCl, 25 mM Tris-HCl, pH 7.4, 0.1% Triton X-100, and proteinase inhibitor) were collected as above. Antibodies indicated in the text were added to lysates and incubated at 4°C for 2 h, followed by incubation with protein A-agarose beads at 4°C for an additional 1 h. The bound proteins in the precipitants were resuspended in sample buffer, boiled, and analyzed by immunoblotting ([@B28]). For immunostaining, paraffin-embedded pancreases were cut into 5-μm sections. After heat-based antigen retrieval in citrate buffer, the sections were incubated with anti-proinsulin, anti-PDI, anti-TGN38, and anti-IR (N-term) as indicated, followed by secondary antibodies conjugated to appropriate Alexa Fluor. Fluorescent images were visualized using Axio Imager M2 (Carl Zeiss, Oberkochen, Germany).

Statistical analysis {#s7}
--------------------

All data were processed with Prism software (GraphPad Software, La Jolla, CA, USA) and were presented as means ± [sem]{.smallcaps}. An unpaired Student's *t* test and 1-way ANOVA were used to determine significance among groups. A value of *P* \< 0.05 was considered statistically significant.

RESULTS {#s8}
=======

Misfolded proinsulin impairs ProIR processing and insulin signaling in Akita mice {#s9}
---------------------------------------------------------------------------------

To unequivocally determine whether misfolded proinsulin can impair insulin signaling, we first examined the phosphorylation of IR in the isolated islets from 6-wk-old male Akita mice that carry a missense mutation in one of *Ins2* allele. We found that there is a significant decrease in pIR~β~ in Akita islets ([**Fig. 1*A***](#F1){ref-type="fig"}, upper left panel). We then asked whether this impaired insulin signaling was caused by the defect of ProIR maturation. Two major forms, unprocessed ProIR and matured IR, are normally found in the islets. In order to distinguish the unprocessed ProIR from the mature IR, we expressed wild-type (WT) ProIR and a cleavage mutant ProIR Y(818)C in HEK293 cells. ProIR Y(818)C mutates at the ProIR proteolytic cleavage site and impairs its maturation ([@B29], [@B30]). Consistent with previous reports, the majority of ProIR Y(818)C indeed presented as unprocessed ProIR ([Fig. 1*A*](#F1){ref-type="fig"}, right panel). Using these MW controls, we found that the mature IR (IR~β~) was slightly more abundant than the unprocessed ProIR in WT islets. In contrast, mature IR was markedly decreased, resulting in the ratio of ProIR/IR being significantly increased in Akita islets ([Fig. 1*A, B*](#F1){ref-type="fig"}). Unlike ProIR/IR, the ratio of pIR~β~ and total IR~β~ (pIR~β~/IR~β~) was not different between WT and Akita islets ([Fig. 1*A, C*](#F1){ref-type="fig"}), suggesting that the decreased IR-mediated insulin signaling in Akita islets was not due to the defect of IR phosphorylation but was caused by a decreased amount of mature IR that was due to a processing defect of ProIR ([Fig. 1*A*--*C*](#F1){ref-type="fig"}). These data indicate that in Akita mice that express misfolded proinsulin, ProIR processing was impaired, which led to decreased IR phosphorylation and insulin signaling.

![Impaired maturation of ProIR and insulin signaling in the islets of Akita mice. *A*) Freshly isolated islets from 6-wk-old Akita and WT mice were directly lysed. The total proteins were resolved in 10% SDS-PAGE, followed by Western blotting with anti-IR (reacts with both ProIR and IR) and anti--phosphor-IR~β~ as indicated (left panel). HEK293 cells were transfected with plasmids encoding human ProIR WT or processing defect mutant Y(818)C \[hIR-WT or hIR-Y(818)C\]. The cells were lysed after 48 h transfection. Unprocessed ProIR and mature IR were detected using anti-IR by Western blotting. *B*) Total ProIR and mature IR from the 3 independent experiments shown in *A* were quantified. The ratio of total ProIR and total IR~β~ was calculated, and ProIR/IR~β~ of WT islets was set as 1. Data were shown as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05. *C*) pIR~β~ and total IR~β~ from 3 independent experiments shown in *A* were quantified. The ratio of pIR~β~ and total IR~β~ was calculated, and pIR~β~/IR~β~ of WT islets was set as 1.](fj.201900442Rf1){#F1}

Misfolded proinsulin fails to exit from the ER and impairs processing of ProIR into mature IR {#s10}
---------------------------------------------------------------------------------------------

Proinsulin is the most abundant protein in the ER of β cells, and proinsulin misfolding is the molecular basis of β-cell failure and diabetes in Akita mice ([@B2], [@B12]). We therefore examined the ER export of proinsulin by immunostaining pancreatic sections from Akita mice. In WT islets, proinsulin staining was most concentrated in the juxtanuclear region colocalized with a Golgi marker TGN38 ([Supplemental Fig. S1*B*](#SM1){ref-type="supplementary-material"}). However, in Akita islets, proinsulin became diffuse throughout the cells and colocalized with an ER marker PDI ([Supplemental Fig. S1*A*](#SM1){ref-type="supplementary-material"}), indicating that in Akita mice, misfolded proinsulin failed to export from the ER and advance to the Golgi. Interestingly, anti-IR immunostaining of Akita islets appeared to be different than that of the control islets, and more cells showed an abnormal anti-IR staining pattern that appeared to be accumulated/diffused inside the cells ([Supplemental Fig. S1*C*](#SM1){ref-type="supplementary-material"}, solid arrows). However, because there are no specific anti-IR and anti-ProIR available, these anti-IR immunostainings could not distinguish ProIR and IR in the cells. Nevertheless, anti-IR Western blotting clearly showed an increased unprocessed ProIR and an elevated ratio of ProIR/IR ([Fig. 1](#F1){ref-type="fig"}), which suggests that misfolded proinsulin impairs ProIR processing in β cells, leading to decreased IR phosphorylation and insulin signaling.

The Akita mice used in this study were around 6 wk of age and had already developed mild diabetes. In order to exclude the possibility that the impaired processing of ProIR in Akita islets was secondary to hyperglycemia, we coexpressed human ProIR with either proinsulin WT or proinsulin Akita in HEK293 cells. Again, expression of Akita proinsulin impaired the processing of ProIR, causing an increased ratio of ProIR/IR ([**Fig. 2*A, B***](#F2){ref-type="fig"}), confirming that the effect of misfolded proinsulin on the processing of ProIR was independent of high blood glucose level. Furthermore, to directly examine ProIR processing in the presence or absence of misfolded Akita proinsulin, we treated cotransfected cells with cycloheximide (attenuated biosynthesis of newly made ProIR) and MG132 (a proteasomal inhibitor that prevents degradation of existing ProIR molecules) for 4 h. As shown in [Fig. 2*C, D*](#F2){ref-type="fig"}, although ProIR mutant Y(818)C could not be processed because of mutation at cleavage site, ∼40% of WT ProIR underwent intracellular processing to form mature IR. However, in the presence of Akita proinsulin, WT ProIR failed to be processed into mature IR. Taken together, these data suggest that misfolded mutant proinsulin appears to be a direct cause accounting for impaired maturation of ProIR in Akita islets.

![Misfolded proinsulin impairs processing of ProIR into mature IR. *A*) HEK293 cells were cotransfected with plasmids encoding human ProIR WT and human proinsulin WT or Akita (hIR + PI-WT or PI-Akita). The cells were lysed after 48 h transfection. Western blotting was performed to detect unprocessed ProIR, mature IR, and proinsulin. *B*) Total ProIR and mature IR from 3 independent experiments shown in *A* were quantified. The ratio of total ProIR and total IR~β~ was calculated, and ProIR/IR~β~ of hIR + PI-WT was set as 1. Data are expressed as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05. *C*) HEK293 cells were transfected with plasmids encoding human mutant ProIR Y(818)C, hIR WT and human proinsulin WT or Akita \[hIR-Y(818)C + Empty vector, hIR + PI-WT or hIR + PI-Akita\]. The cells were treated with cycloheximide (10 μg/ml) and MG132 (15 μM/ml) for 4 h after 36 h of transfection. The cells were then lysed and Western blotting was performed to detect unprocessed ProIR, mature IR, and proinsulin. *D*) Total ProIR and mature IR from 3 independent experiments shown in *C* were quantified. The ratio of total ProIR and total IR~β~ was calculated, and ProIR/IR~β~ of hIR + PI-WT without treatment was set as 1. Data are expressed as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05.](fj.201900442Rf2){#F2}

ER stress impairs insulin signaling but does not affect ProIR processing {#s11}
------------------------------------------------------------------------

There are at least 2 confounding factors that may affect processing of ProIR. First, proinsulin misfolding can induce ER stress ([@B1]), and ER stress is tightly associated with insulin resistance in insulin peripheral target tissues ([@B31]). It is necessary to determine whether ER stress affects ProIR maturation and insulin signaling in β cells. We therefore treated INS1 β-cell line for up to 12 h with thapsigargin, which depletes the ER calcium by inhibiting sarco/ER Ca2 + ATPase and inducing ER stress ([@B32]). Indeed, induction of ER stress could markedly blunt insulin-induced phosphorylation of IR and its downstream signaling AKT ([**Fig. 3*A*--*E***](#F3){ref-type="fig"}). However, although the total amount of ProIR and IR were slightly decreased that may be secondary to a decrease of protein synthesis due to increased phosphorylation of eIF2a, ER stress did not adversely affect ProIR processing ([Fig. *3F*](#F3){ref-type="fig"}). In fact, the ratio of ProIR/IR in thapsigargin-treated cells was even lower than that of the control cells ([Fig. *3G*](#F3){ref-type="fig"}). It remains to be determined whether this decreased ratio of ProIR/IR is associated with an enhancement of ER protein export under the ER stress conditions ([@B33], [@B34]). Nevertheless, these data suggest that ER stress impairs insulin signaling by affecting IR phosphorylation and its downstream signaling. However, ER stress alone did not impair ProIR processing.

![Misfolded proinsulin but not ER stress impairs processing of ProIR. *A*) INS-1 cells were incubated with thapsigargin (200 nM) for 0, 3, 6, 9, and 12 h as indicated. The cells were then stimulated with or without 100 nM insulin for 15 min. Western blotting was performed to evaluate p-eIF2α, eIF2α, unprocessed ProIR, mature IR, pIR~β~, p-AKT, and total AKT. *B*) p-eIF2α and total eIF2α from 3 independent experiments shown in *A* were quantified. The ratio of p-eIF2α and eIF2α was calculated, and p-eIF2α/eIF2α of the group treated with insulin alone was set as 1. *C*) pIR~β~ and total IR~β~ from 3 independent experiments shown in *A* were quantified. The ratio of pIR~β~ and total IR~β~ was calculated, and pIR~β~/IR~β~ of the group treated with insulin alone was set as 1. *D*) p-AKT at the site of serine473 (p-AKT~S473~) and total AKT from the 3 independent experiments shown in *A* were quantified. The ratio of p-AKT~S473~ and total AKT was calculated, and p-AKT~S473~/AKT of the group treated with insulin alone was set as 1. *E*) p-AKT at site of tyrosine308 (p-AKT~T308~) and total AKT from 3 independent experiments shown in *A* were quantified. The ratio of p-AKT~T308~ and total AKT was calculated, and p-AKT~T308~/AKT of the group treated with insulin alone was set as 1. Data are expressed as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05. *F*) INS-1 cells were incubated with thapsigargin (200 nM) for 0, 3, 6, 9, and 12 h as indicated. The cells were then were lysed and Western blotting was performed to evaluate p-eIF2α, eIF2α, unprocessed ProIR, mature IR, and glyceraldehyde 3-phosphate dehydrogenase. *G*) Total ProIR and mature IR from the 3 independent experiments without insulin treatment shown in *F* were quantified. The ratio of total ProIR and total IR~β~ was calculated, and ProIR/IR~β~ of the group without thapsigargin was set as 1. Data are expressed as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05.](fj.201900442Rf3){#F3}

Misfolded proinsulin specifically interacts with ProIR {#s12}
------------------------------------------------------

To further explore the underlying mechanism of misfolded proinsulin in IR maturation, we performed co-IP followed by Western blotting to determine whether proinsulin could interact with ProIR. In the isolated islets, anti-IR~β~ antibody could pull down proinsulin both from WT and Akita islets. However, the binding efficiency was higher in Akita islets ([**Fig. 4*A, B***](#F4){ref-type="fig"}), and this co-IP experiment could not distinguish that the pulled down proinsulin was bound to IR or ProIR. We therefore coexpressed human ProIR isomer B and Akita proinsulin in HEK293 cells and did co-IP using antibodies against either IR or proinsulin. Again, we found that anti-IR antibody could pull down Akita proinsulin in cotransfected cells ([Fig. 4*C*](#F4){ref-type="fig"}, lanes 4--6). More importantly, anti-proinsulin antibody did not pull down more abundant IR but specifically co-IP ProIR ([Fig. 4*C*](#F4){ref-type="fig"}, lanes 7--9), indicating that proinsulin specifically interacts with ProIR. Because misfolded proinsulin is recognized by ER quality control system and is retained in the ER ([@B1], [@B12]), the interactions between misfolded proinsulin is very likely to occur in the ER.

![Proinsulin interacts with ProIR in the ER. *A*) Freshly isolated islets from 6-wk-old WT and Akita mice were directly lysed in co-IP lysis buffer followed by immunoprecipitation with anti-IR (reacts with both ProIR and IR). Proinsulin from total lysates (left panel) and from co-IP were detected using anti-proinsulin by Western blotting. *B*) Fold increases of relative amount of co-IP proinsulin WT and Akita. Quantification from at least 3 independent experiments as shown in *A*. Data are presented as means ± [sem]{.smallcaps} of 3 independent experiments. Significance values were determined by the Student's *t* test. \**P* \< 0.05. *C*) HEK293 cells were transfected with plasmids encoding human ProIR WT and human proinsulin Akita (hIR + PI-Akita). Co-IP analysis was performed using anti-proinsulin (does not react with mature insulin) or IR antibody (reacts with both ProIR and IR) after 48 h transfection. Akita proinsulin, ProIR, and IR from total lysates and co-IP were detected by Western blotting using anti-IR (upper panel) and anti-proinsulin (middle panel). Lane 10, a negative control of HEK293 cell lysates immunoprecipitated using the IgG. *D*) HEK293 cells were cotransfected with plasmids encoding human ProIR-A or ProIR-B with or without human proinsulin Akita (PI-Akita) as indicated. Co-IP analysis was performed using anti-proinsulin after 48 h of transfection. Akita proinsulin, ProIR, and IR from total lysates and co-IP were detected by Western blotting using anti-IR (upper panel) and anti-proinsulin (middle panel). *E*) Fold increases of relative amounts of co-IP ProIR. Quantification from at least 3 independent experiments shown in *D*. Data are presented as the mean ± [sem]{.smallcaps} of 3 independent experiments. Significance values were determined by the Student's *t* test. \**P* \< 0.05.](fj.201900442Rf4){#F4}

It is worth noting that ProIR has 2 isomers, ProIR-A and ProIR-B. Although the 2 isoforms have only minimal differences in their affinity for insulin, it has been reported that IR-A have a higher affinity for proinsulin than do IR-B ([@B35][@B36]--[@B37]). It is unknown whether ProIR-A and ProIR-B interact with proinsulin differently. We therefore performed co-IP experiments in transfected HEK293 cells coexpressing Akita proinsulin with either ProIR-A or ProIR-B. Surprisingly, we found no significant difference in binding affinity of Akita proinsulin to the 2 isoforms ProIR-A and ProIR-B ([Fig. 4*D, E*](#F4){ref-type="fig"}), suggesting that misfolded proinsulin may interact with ProIR *via* an unconventional way that does not involve conventional domains/residues mediating normal interactions between insulin and IR. We have previously shown that newly synthesized misfolded proinsulin molecules have free thiol, which can form disulfide-linked protein complexes in the ER ([@B9], [@B25]). We therefore hypothesized that misfolded proinsulin may interact with ProIR through abnormal intermolecular disulfide bonds. To test this hypothesis, we performed anti-proinsulin co-IP experiments in the cells coexpressing ProIR with either Akita proinsulin or Delcys proinsulin in which all 6 cystine residues were mutated to serine. We found that the detectable monomeric Akita proinsulin and co-IP ProIR were significantly lower in nonreducing condition compared with that in reducing conditions ([Supplemental Fig. S2](#SM2){ref-type="supplementary-material"}, lane 5 *vs.* 11). By contrast, in the cells coexpressing ProIR with proinsulin without cystine (Delcys), both monomeric Delcys and co-IP ProIR were detected at similar levels under both nonreducing and reducing conditions ([Supplemental Fig. S2](#SM2){ref-type="supplementary-material"}, lane 6 *vs.* 12), and interactions of ProIR with Delcys appear to be less than that with Akita ([Supplemental Fig. S2](#SM2){ref-type="supplementary-material"}, compared lanes 5 *vs.* 6). These data suggest that intermolecular disulfide bonds mediate at least partially the abnormal interactions between misfolded proinsulin and ProIR in the ER. Altogether, these results suggest that misfolded proinsulin specifically interacts with ProIR in the ER.

Up-regulation of proinsulin synthesis and the ER overload lead to increased proinsulin misfolding {#s13}
-------------------------------------------------------------------------------------------------

We have previously reported that about 10--20% of newly synthesized proinsulin fails to achieve its native folding state ([@B7], [@B10], [@B38]). The amount of misfolded proinsulin can further increase when the regulation of protein synthesis is compromised because of an insufficiency/absence of eIF2⍺ and its kinase protein kinase R-like ER kinase (PERK) ([@B10], [@B11]). Herein, we asked whether proinsulin misfolding and defect in insulin signaling of β cells play a role in β-cell failure during the development and progression of T2D. We isolated islets from newly onset diabetes leptin-receptor--deficient db/db mice ([Supplemental Fig. S3](#SM3){ref-type="supplementary-material"}), in which proinsulin synthesis is significantlyup-regulated to compensate severe insulin resistance ([@B39]). Consistent with our previous findings ([@B7], [@B38]), in the lean db/m control islets, anti-proinsulin antibody (recognizing the junction between proinsulin C-peptide and A-chain) detected not only monomeric proinsulin but also disulfide-linked proinsulin complexes, including dimers, trimers, tetramers, pentamers, hexamers, and high MW complexes under nonreducing conditions ([**Fig. 5*A***](#F5){ref-type="fig"}, upper panel, left). A measure of 100 mM reducing agent DTT broke disulfide bonds and made all these disulfide-linked complexes collapse into a single reduced monomeric proinsulin ([Fig. 5*A*](#F5){ref-type="fig"}, bottom panel, right). Because correctly paired native disulfide bonds (B7-A7, B19-A20, and A6-A11) are required for correct folding of proinsulin ([@B1], [@B9], [@B10]), these intermolecular disulfide-linked proinsulin complexes are by definition misfolded. Importantly, in db/db islets, although total proinsulin level was markedly increased as expected, the misfolded proinsulin complexes were concurrently elevated ([Fig. 5*A*](#F5){ref-type="fig"}, upper panel), and impaired for the ER export ([Supplemental Fig. S4](#SM4){ref-type="supplementary-material"}). The ratio of proinsulin to insulin was also elevated in db/db islets ([Fig. 5*A*](#F5){ref-type="fig"}, bottom panel and [Fig. 5*B*](#F5){ref-type="fig"}), implying that the intracellular processing of proinsulin is impaired in db/db mice. Collectively, these results indicated that misfolded proinsulin increased in the pancreatic islets of db/db mice.

![Misfolded proinsulin increases in the islets of db/db mice. *A*) Freshly isolated islets from 12-wk-old C57BL/KsJ-LepR db/db and lean control db/m mice were directly lysed. The total proteins were resolved in 4--12% gradient gel under nonreducing and reducing conditions, electrotransferred to nitrocellulose membrane followed by Western blotting with anti-proinsulin (upper panel) and anti-insulin (bottom panel) as indicated. *B*) Proinsulin and insulin from 3 independent experiments shown in *A* were quantified. The ratio of total proinsulin and insulin was calculated, and proinsulin/insulin of db/m islets was set as 1. Data were shown as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05. *C*) Proinsulin and tubulin from 3 independent experiments shown in *A* were quantified. The ratio of proinsulin and tubulin was calculated, and proinsulin/tubulin of db/m islets was set as 1.](fj.201900442Rf5){#F5}

Impaired maturation of ProIR contributes to defective insulin signaling in the islets of db/db mice {#s14}
---------------------------------------------------------------------------------------------------

Because we found increased misfolded proinsulin in db/db mice ([Fig. 5](#F5){ref-type="fig"}), we asked whether maturation of ProIR was affected by misfolded proinsulin as we found in Akitamice ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Despite more than 6-fold increases of serum insulin level in db/db mice ([Supplemental Fig. S3*C*](#SM3){ref-type="supplementary-material"}), phospho-IR and its downstream PKB (AKT) were significantly decreased in islets of db/db. This appeared to be associated with impaired processing of ProIR as the ratio of ProIR/IR was elevated in db/db islets ([**Fig. 6*A*--*F***](#F6){ref-type="fig"}). Interestingly, no increased phosphorylation of eIF2α was observed in db/db islets ([Fig. 6*G, H*](#F6){ref-type="fig"}), indicating that there is no ER stress activation at least in the branch of PERK/eIF2α pathway. These data indicate that there is indeed insulin resistance in islets and that impaired ProIR maturation contributes to this defective insulin signaling in db/db mice.

![Impaired maturation of ProIR contributes to defective insulin signaling in the islets of db/db mice. Freshly isolated islets from 12-wk-old C57BL/KsJ-LepR db/db and lean control db/m mice were directly lysed. *A*) Western blotting was performed to detect unprocessed ProIR and mature IR using anti-IR and pIR~β~ using anti-pIR~β~. *B*) pIR~β~ and total IR~β~ from 3 independent experiments shown in *A* were quantified. The ratio of pIR~β~ and total IR~β~ was calculated, and pIR~β~/IR~β~ of db/m islets was set as 1. *C*) Total ProIR and mature IR from 3 independent experiments shown in *A* were quantified. The ratio of total ProIR and total IR~β~ was calculated, and ProIR/IR~β~ of db/m islets was set as 1. Data were shown as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05. *D*) Western blotting was performed to detect p-AKT at site of serine~473~ (p-AKT~s473~) or tyrosine~308~ (p-AKT~t308~) and total AKT. E. p-AKT~S473~ and total AKT from 3 independent experiments shown in *D* were quantified. The ratio of p-AKT~S473~ and total AKT was calculated, and p-AKT~S473~/AKT of db/m islets was set as 1. *F*) p-AKT~T308~ and total AKT from 3 independent experiments shown in *D* were quantified. The ratio of p-AKT~T308~ and total AKT was calculated, and p-AKT~T308~/AKT of db/m islets was set as 1. Data were shown as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05. *G*) Western blotting was performed to detect p-eIF2α and total eIF2α. *H*) p-eIF2α and total eIF2α from 3 independent experiments shown in *G* were quantified. The ratio of p-eIF2α and eIF2α was calculated, and p-eIF2α/ eIF2α of db/m islets was set as 1. Data were shown as the mean ± [sem]{.smallcaps} of 3 independent experiments. \**P* \< 0.05.](fj.201900442Rf6){#F6}

DISCUSSION {#s15}
==========

Insulin resistance in peripheral insulin target tissues is important in the pathogenesis of T2D. In this study, we found that defective insulin signaling also existed in pancreatic islets and may play a critical role in the development and progression of diabetes in both Akita and db/db mice. Mechanically, this defective insulin signaling resulted from defects in processing of ProIR, and the increased proinsulin misfolding in β cells appeared to be the underlying mechanism that contributed to impaired ProIR maturation. Specifically, we found that misfolded proinsulin increased not only in monogenic diabetes model Akita mice but also in insulin resistance model db/db mice. Misfolded proinsulin specially interacted with ProIR in the ER, impaired the intracellular processing of ProIR, and led to increased ratio of ProIR/IR and defective insulin signaling in islets of Akita and db/db mice. Insulin signaling plays an important role in β-cell function, survival, and compensation to peripheral insulin resistance ([@B16], [@B17], [@B40], [@B41]). The current study not only revealed a novel mechanism of β-cell failure but also shed light on a new potential therapeutic target to prevent or delay monogenic and T2D.

Both genetic and biologic evidence indicates that proinsulin misfolding is the molecular basis of MIDY ([@B24], [@B25], [@B42], [@B43]). Over the past decades, studies have revealed that misfolded proinsulin can cause β-cell failure and diabetes through 2 mechanisms. First, misfolded proinsulin fails to exit from the ER, causing ER stress and β-cell apoptosis ([@B43][@B44][@B45]--[@B46]). Second, we report that misfolded proinsulin can abnormally interact with coexpressed WT proinsulin in the ER, blocking the ER export of WT proinsulin, leading to insulin-deficient diabetes ([@B8], [@B9], [@B25], [@B28], [@B38], [@B47], [@B48]). Most recently, studies show that diabetes-causing misfolded proinsulin impairs β-cell expansion during development ([@B13], [@B14], [@B46]), suggesting that in addition to the 2 mechanisms mentioned above, impaired β-cell proliferation may also contribute to diabetes development. Therefore, in this study, we examined β-cell insulin signaling in Akita islets and found that phosphorylation of IR was indeed decreased, supporting the notion that defective insulin signaling in β cells expressed misfolded mutant proinsulin. Importantly, the decreased IR phosphorylation was mainly caused by impaired intracellular processing of ProIR, leading to decreased mature IR and increased ratio of ProIR/IR ([Fig. 1](#F1){ref-type="fig"} and [Supplemental Fig. S1*C*](#SM1){ref-type="supplementary-material"}). These data indicate that impaired ProIR processing and maturation are responsible for the defective insulin signaling in β cells expressing misfolded proinsulin.

How does misfolded proinsulin affect maturation of ProIR? In all eukaryotic cells, the ER serves as the primary folding compartment for secretory and membrane proteins. We and others have shown that misfolded proinsulin is recognized by the ER quality control system and retained in the ER ([@B12], [@B38], [@B43], [@B44]), suggesting that the effect of misfolded proinsulin on ProIR must occur in the ER. In addition, a growing body of evidence indicates that although misfolded proinsulin could block the ER export of coexpressed WT proinsulin, it did not affect glycosylation and secretion of coexpressed ⍺1-antitrypsin, suggesting that the generation function of the secretion pathway is preserved ([@B8], [@B9], [@B38]) and that the effect of misfolded proinsulin on ProIR must be specific. Competitive binding experiments show that proinsulin is able to bind to both IR and ProIR, despite low binding efficiency compared with that of insulin ([@B49], [@B50]). Given the high level of proinsulin in the ER of β cells, it is likely that proinsulin can interact with ProIR in the ER. We therefore hypothesize that when well-folded proinsulin binds to ProIR in the ER, both of them can exit from the ER and traffic forward to the Golgi and late secretory pathway. However, when misfolded proinsulin binds to ProIR in the ER, the anterograde trafficking of ProIR may be impaired because of the retention of misfolded proinsulin recognized by the ER quality control system. Indeed, co-IP experiments confirmed that both proinsulin WT and mutant could interact with ProIR ([Fig. 4*A*](#F4){ref-type="fig"}). However, in the current study it is unknown whether proinsulin WT and mutant use the same way to bind the same site of ProIR. Given the fact that more percent of Akita proinsulin appears to bind to ProIR than that of WT proinsulin ([Fig. 4*B*](#F4){ref-type="fig"}), it is unlikely that Akita proinsulin binds to ProIR in the same way as WT proinsulin does. In fact, our data suggest that abnormal intermolecular disulfide bonds may be involved in abnormal interactions between misfolded proinsulin and ProIR in the ER.

Proinsulin is the most predominant secretory protein loaded in the ER of β cells. Under high glucose, synthesis of proinsulin alone can account for 30--50% of total protein synthesis in the β cells ([@B2], [@B3]). Nevertheless, like some other proteins, the efficiency of proinsulin folding is less than perfect so that β cells continuously produce a certain fraction of misfolded proinsulin ([@B2], [@B3], [@B10], [@B51]). PERK/eIF2α plays a key role in initiation of proinsulin translation ([@B52], [@B53]). The pathophysiological significance of PERK/eIF2⍺ regulation is highlighted by Wolcott-Rallison syndrome, a homozygous PERK deficiency causing early onset diabetes ([@B54]). The diabetic phenotype in PERK null mice recapitulates the human disease ([@B55]). Importantly, in PERK/eIF2⍺-deficient/inefficient mice, more misfolded proinsulin is observed ([@B10], [@B11]), suggesting that dysregulation of proinsulin synthesis may overwhelm the ER folding capacity and cause proinsulin misfolding. Proinsulin oversynthesis is commonly seen at the time of onset of T2D in obese patients with insulin resistance ([@B56]). In this study, we examined proinsulin folding in db/db mice with severe insulin resistance and oversynthesis of proinsulin. We found that there was significantly increased misfolded disulfide-linked proinsulin complexes along with an increased ratio of proinsulin to insulin in db/db mice ([Fig. 5](#F5){ref-type="fig"}), supporting the notions that proinsulin is predisposed to misfold in unfavorable ER folding environment and that increased misfolded proinsulin may contribute to β-cell failure in db/db mice.

How does increased misfolded proinsulin link to β-cell failure in db/db mice? Because we found that misfolded proinsulin could interact with ProIR in the ER and impair ProIR processing in Akita mice, we therefore asked whether increased proinsulin misfolding in db/db islets impairs ProIR processing. We examined the processing of ProIR and found that the ratio of ProIR/IR was increased, suggesting that the maturation of ProIR was impaired in db/db islets. Importantly, this impairment appeared to result in defective insulin signaling because we found that, despite being exposed to a much higher level of insulin, phosphorylation of IR and AKT of freshly isolated islets from db/db mice was significantly decreased ([Fig. 6](#F6){ref-type="fig"}). These data suggest insulin resistance, which is commonly referred to as defective insulin signaling in the classic insulin target tissues, also exists in the islets. Because insulin signaling plays an important role in β-cell proliferation responding to peripheral insulin resistance ([@B17], [@B40]), the finding of β-cell insulin resistance reveals a novel mechanism of β-cell decompensation in T2D.
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AKT

:   protein kinase B

co-IP

:   coimmunoprecipitation

eIF2α

:   eukaryotic initiation factor 2α

ER

:   endoplasmic reticulum

HEK

:   human embryonic kidney

HRP

:   horseradish peroxidase

IR

:   insulin receptor

IR~β~

:   IR β subunit

MIDY

:   mutant *INS*-gene--induced diabetes of youth

PDI

:   protein disulfide isomerase

PERK

:   protein kinase R-like ER kinase

pIR~β~

:   phosphorylated IR~β~

ProIR

:   precursor of IR

T2D

:   type 2 diabetes

WT

:   wild type

AUTHOR CONTRIBUTIONS {#s16}
====================

S. Liu, X. Li, J. Yang, R. Zhu, Z. Fan, X. Xu, and W. Feng performed experiments and analysis the data; J. Cui, J. Sun, and M. Liu analyzed data; J. Sun and M. Liu initiated the study; and S. Liu and M. Liu wrote the manuscript.

[^1]: These authors contributed equally to this work.
